Theoretical Investigation of GaN  by Achour, H. et al.
 Physics Procedia  55 ( 2014 )  17 – 23 
Available online at www.sciencedirect.com
1875-3892 © 2014 Elsevier B.V. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/3.0/).
Peer-review under responsibility of the Organizing Committee of CSM8-ISM5  
doi: 10.1016/j.phpro.2014.07.003 
ScienceDirect
*E-mail addressauthor:  hafidaachour@yahoo.fr 
 
Eigth International Conference on Material Sciences (CSM8-ISM5) 
Theoretical investigation of GaN 
H. Achoura*, S. Louhibi-Faslab, F.Manac 
 
a, b  LAMIN laboratory, Ecole nationale polytechnique d’Oran, BP 1523, El M’Naouer, 31000 Oran, Algeria. 
a Ecole nationale polytechnique d’Oran, BP 1523, El M’Naouer, 31000 Oran, Algeria. 
 
 
 
Abstract 
Using the Full Potential Linear Muffin Tin Orbitals (FPLMTO) method, the structural properties of GaN were 
studied. Different crystal structures were considered: NaCl, CsCl, wurtzite, zincblende, ȕ-tin, Cinnabar and NiAs 
structures. The wurtzite is the calculated ground state structure. Results are given for lattice parameters, bulk modulus 
and its first derivative in the different cases. The phase transitions for GaN were also investigated. The results are 
compared with the available theoretical and experimental data. Through the quasi-harmonic Debye model, in which 
the phononic effects are considered, the dependences of the volume, the bulk modulus, the variation of the thermal 
expansion Į, as well as the heat capacity Cv were successfully obtained in the whole range from 0 to 30 GPa and 
temperature range from 0 to 1000 K. 
2013 Published by Elsevier Ltd. Selection and/or peer-review under responsibility of CSM8-ISM5 
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1. Introduction 
Gallium nitride (GaN) and other nitrides of the group III elements are important materials for the 
fabrication of various semiconductor devices such as short- wavelenght light-emitting diodes (LEDs),  
laser diodes and optical detectors, as well as for high temperature, high power, and high-frequency 
devices [1-7]. As a consequence, a good deal of research has been done to characterize as accurately as 
possible not only their important optical, electronic and structural properties which are of primary 
interest, but also their thermodynamic  properties [ 8 -11 ].  
At ambient conditions, GaN crystallizes in the wurtzite structure, although it has proved possible to grow 
it at the zinc-blend phase using epitaxial techniques [4, 6, 12]. In many experimental and theoretical 
studies, it is found that for some ranges of pressure, several low–symmetry -phases (low with those 
previously considered) often seem to be favored by different II-VI and III-V compounds. For GaN, only a 
© 2014 Elsevier B.V. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/3.0/).
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wurtziteĺrock-salt transition has been experimentally observed, within the range of pressures covered by 
the experimental studies [3, 13]. 
In this work, we focus on the structural and thermodynamical response of GaN when subjected to 
pressure and temperature. In particular, several phase transitions are studied, and the wurtzite, zinc-
blende, rock-salt, CsCl, ȕSn, Cinnabar and NiAs structures at zero temperature are considered. The 
structural and thermodynamic properties of GaN have been calculated using the quasi-harmonic Debye 
model in a wide range of temperatures (0–1000 K) and pressures (0–30 GPa). The pressure dependence of 
these properties have not been addressed attention in the very interesting experimental paper of Leitner et 
al [10]. 
The present paper is organized as follows, the utilized method is outlined in Section 2, the results are 
presented in Section 3 then a summary is given in Section 4. 
2. Theoretical framework 
Calculations were performed within the framework of the density functional theory (DFT) [14-15] with 
the local density approximation (LDA) using Perdew-Wang [16] parameterization of exchange–
correlation. The Savrasov version of the full potential linear muffin-tin orbitals (FPLMTO) method [17] 
as implemented in the lmtART code [18] was used. In this method, the unit cell is divided into non-
overlapping muffin-tin spheres of radius RMTS and an interstitial region, the Kohn–Sham wave functions 
being expressed in spherical harmonics within spheres. The FPLMTO treats the interstitial regions on the 
same footing with the core regions. The non-overlapping muffin tin spheres potential is expanded in 
spherical harmonics inside the spheres and Fourier transformed in the interstitial regions [17]. To analyze 
the structural properties, we have calculated the total energy of gallium nitride GaN for wurtzite and NiAs 
phase as a function of the three variables u, c/a and V, for the ȕSn phase as function of the two variables 
c/a and V and for the cinnabar phase as function of the four variables (V, c/a, u, v). This; within the 
method seen previously using the habitual minimization procedure where the total energy was calculated 
for different values of the lattice constant, and the ground state corresponds to the lowest value of the total 
energy. Then, by fitting to the Murnaghan equation of state [19], the equilibrium lattice constant, the bulk 
modulus B0 and its derivative have been calculated: 
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Where E(V) is the DFT ground-state energy with the cell volume is V, V0 the unit-cell volume at zero 
pressure, B0 and B’ denotes the bulk modulus and their first pressure derivatives, respectively, at P = 0 
GPa. The changes of the volumes were obtained through the pressure according the following: 
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To investigate the thermodynamic properties, we used the quasi-harmonic Debye model [20] in which the  
non-equilibrium Gibbs function G* (V; P, T) is written in the following form: 
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where E(V) is the total energy per unit cell, PV corresponds to the constant hydrostatic pressure 
condition, ߠ(V) is the Debye temperature and Avib is the vibrational term which can be written using the 
Debye model of the phonon density of states as [21,22]: 
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Where n is the number of atoms per formula unit, D (ߠ/T) represents the Debye integral and for an 
isotropic solid, ࣂ is expressed as [21]: 
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M being the molecular mass per unit cell, BS is the adiabatic bulk modulus, which is approximated given 
by the static compressibility [20]:                                                                                
ܤௌ ؆ ܤሺܸሻ ൌ ܸ
ௗమாሺ௏ሻ
ௗ௏మ
(6) 
Details onሺߪሻ can be found elsewhere [23, 24]. Therefore, the non equilibrium Gibbs function  
G* (V; P, T) as a function of V, P and T can be minimized with respect to volume V:                                                 
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By solving Eq. (2.7), one can obtain the thermal equation-of-state (EOS) V (P, T). The heat capacity CV 
and the thermal expansion coefficient Į are given by [25]:                                                                                         
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Where ߛ is the Grüneisen parameter which is defined  as 
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Through the quasi-harmonic Debye model, one could calculate the thermodynamic quantities of any 
temperatures and pressures of GaN from the calculated E í V data at T= 0 and P = 0. 
 
3. Results and discussion 
The energy-volume (E-V) curves corresponding to the different structures considered in the present work 
are shown in the figure 1. The calculated difference in energies between the wurtzite and zinc-blende 
structures at theirrespective equilibrium volumes  is οܧ ൌ ܧ଴௭௕ െ ܧ଴௪௨௥ ൌ ͺܸ݉݁;  this value is very  

Fig.1. Computed total energy versus unit-cell volume for the wurtzite, zinc-blende, rock-salt, 
CsCl, cinnabar, ȕ-tin, and NiAs structures of GaN compound.
 
small and positive, wich is in line with the prediction and the experimental observation of both phases at 
zero pressure [6, 14]. As it is seen in the figure1, at low pressures, the thermodynamically stable phase 
has the wurtzite structure, with the zinc blend as a metastable phase since it is very close to the wurtzite. 
It is expected according to this figure 1 that at some pressure the rock-salt structure becomes favored over 
wurtzite.
Table1 shows our calculated equilibrium lattice constants and compare them with experimental [3, 13, 
26] and other computational results [2, 4, 6, 13, 27, 28]. As usual, the LDA calculations slightly 
underestimate the lattice constants. The cubic and hexagonal lattice constants ac and ah are 
underestimated by about 1%, the c lattice constants by 2-3% and the c/a by 0.1-3 %. Because there is a 
large number of computational results for the zinc-blende, wurtzite and rock-salt lattice constants, we 
indicate only the range of values that have been reported in the table 1. For NiAs, Cinnabar, CsCl and 
ȕSn, only a few calculations include a complete structure investigation. In general, we note that for all 
phases being studied here, our obtained equilibrium lattice constant a0 is in very good agreement with the 
experimental data reported in Refs. [3, 13, 26] for wurtzite, zinc-blende and rock-salt structure. The bulk  
moduli B0  and their pressure derivatives B’ are  listed in Table1. Our values are in agreement with the 
values obtained with other calculations to within a few percent.
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a Ref. [3], b Ref. [26],  c Ref. [27], d Ref. [13], e Ref. [6],  f Ref. [28], g Ref. [2], h Ref. [29].
 
Table 1. Calculated   structural   parameters for different phases of GaN  compound.   a0 and  c being the equilibrium lattice 
constants, u is the internal structural parameter, and B0  and B’ the bulk modulus and their first derivative, respectively. Experimental 
values are given in parentheses. 
 
The thermodynamic stable phase at some given pressure and temperature is the one with the lowest Gibbs 
free energy G which is given by: 
TSPVUG                                                                                                                                  (11) 
Here U is the internal energy, P is the pressure, V is the volume, T is the temperature, and S is the entropy. 
In general, the phase equilibrium transition pressure is determined by calculating the G curves of the two 
phases and finding the common tangent, which is difficult to calculate accurately. Then, we have 
calculated the enthalpy of GaN corresponding to the wurtzite, zinc-blend, and rock-salt structures.  
The Gibbs free energies G (P) as a function of   pressure given by the expression. 
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Since we are considering only the zero temperature limits in our calculations, Gibbs free energy becomes 
equal to the enthalpy (H). 
Phase a0(A°) c/a u B0  (GPa) B’ 
Wurtzite(B4) 
 
 
 
 
 
 
Zinc-blend(B3) 
 
 
 
 
 
 
Rock-salt(B1) 
 
 
 
 
NiAs(B81) 
 
 
Cinnabar(B9) 
 
 
CsCl(B2) 
 
ȕSn(A5) 
3.189 
(3.190)a 
3.221c 
3.180d 
3.145e 
3.17f 
3.193g 
4.473 
4.500a 
4.552c 
4.497d 
4.46f 
4.518g 
4.475h 
4.184 
4.26c 
4.225d 
2.956e 
 
4.034 
3.20c 
 
3.214 
3.37c 
 
2.679 
3.44c 
4,063 
3.65 c 
1.616 
(1.6266)a 
1.616 c 
1.632d 
1.633e 
1.62f 
1.634g 
 
 
 
 
 
 
 
 
 
 
 
 
1.45 
1.45 c 
 
2.25 
2.25 c 
 
 
 
         0.6 
0.95 c 
0.376 
(0.377)a 
0.376 c 
0.376d 
0.376e 
0.379f 
0.376g 
 
 
 
 
 
 
 
 
 
 
 
 
0.25 
0.25c 
 
 
 
175. 794 
(237 31)b 
176.54c 
196d 
207f 
 
 
190.210 
175.32c 
        196d 
        201f 
        191g 
205.38h 
 
233.313 
224.70c 
240d 
 
 
201.390 
187.47c 
 
151.521 
156.80c 
 
137.987 
155.56c 
158.435 
134.09 c 
3.950 
(4.3 2.0)b 
4.37c 
4.3d 
4.5f 
 
 
4.289 
3.51c 
4.2d 
           3.9f 
 4.14g 
4.80h 
 
4.531 
3.99c 
4.5d 
 
 
4.265 
4.46c 
 
4.379 
4.08c 
 
4.982 
4.39 c 
4.238 
4.47 c 
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At a given pressure, a structure is stable at the point for which enthalpy has its lowest value and the 
transition pressure from a phase to another phase is that corresponding to equal enthalpies for both 
phases. The calculated transition pressures PT  are given in Table 2. In this table, we show also the 
reduction in volume corresponding to the wurtziteĺ rock-salt and zinc blendĺ rock-salt. The FP-LMTO 
result for the transition pressure from the wurtzite to the rock-salt structure is of 36.5 GPa, which is in 
very good agreement with the X-ray diffraction value of 37 GPa found by Xia et al [30]. We predict a 
transition pressure of GaN from zinc-blend to rock-salt structure at 29.1GPa.
 
 
 
 
 
 
a Ref. [30], b  Ref. [26], c  Ref. [13], d  Ref. [31], e Ref. [27].  
Table 2 Transition pressures PT for GaN. Experimental values are given in parentheses. 
 
The thermal properties have been calculated for the wurtzite structure, in the temperature range from 0 to 
1000 K, where the quasi-harmonic model remains fully valid. The pressure effect has been studied in the 
0–30 GPa range. The relationship between the volume and temperature at different pressures are shown 
in Fig. 2. The volume increases with increasing temperature but the rate of increase is very moderate (Fig. 
2.a). The volume decreases with increasing pressure at different temperatures (Fig. 2.b).  
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Fig. 2.Calculated P–V–T relationship of the compound GaN, (a) variation with temperature,  and (b) variation with pressure.
 
The relationship between the bulk modulus B and temperature at different pressures are shown in Fig.3. 
These results indicate that B decreases with T at a given pressure and decreases also with P at a given 
temperature, so these two parameters (P and T) have the same effect on B. The calculated bulk modulus is 
in agreement with experimental and theoretical results [11]. 
The heat capacity has been plotted for pressures of 0, 5, 10, 15, 20, 25 and 30 GPa (Fig. 4). It is found 
that when T <300 K, the heat capacity Cv is dependent on both temperature and pressure. This is due to 
the anharmonic approximations. However, at higher temperatures and higher pressures, the anharmonic 
effect on heat capacity is suppressed, and Cv is close to the Dulong-Petit limit 3kB( 49.90 J molí1 Kí1), 
which is common to all solids at high temperatures. Our results are in good agreement with the 
temperature heat capacity data of Leitner [10].  
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Fig.3. The relationships between bulk modulus B and                       
Fig.4. The heat capacity versus temperature  
            temperature at pressures of 0- 30 GPa.                                                       at pressures of 0- 30 GPa.

The variation of the thermal expansion with temperature and pressure are shown in Fig. 5. We note that 
the temperature dependence of Į is a little bit great at higher temperatures and higher pressures. Our 
calculated thermal expansion is quite greater than the experimental and theoretical results [11]. 
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Fig. 5. The thermal expansion versus temperature at pressures of 0-30 GPa.
 
4. Conclusion 
In summary, we have carried out first-principles total-energy calculations of GaN for wurtzite, zinc-
blende, rock-salt, CsCl, ȕSn, cinnabar and NiAs structures within the framework of the density functional 
theory in the approach of the local density approximation (LDA). We have used the full potential linear 
muffin-tin orbitals (FPLMTO) method as implemented in the lmtART code. From the computation of the 
total energy versus unit-cell volume, the wurtzite structure is found to be preferred at ambient pressure. 
Our calculated structural parameters for different structures are in good agreement compared to other 
results. We have also applied this computational method to check its transferability to predict the 
structural properties when an external pressure is applied. The transition pressure from the wurtzite to the 
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rock-salt structures calculated to be about 36.5 GPa. This is a consistent with the results found from the 
literature. Thermal expansion, bulk modulus and the heat capacity of GaN have been predicted at elevated 
temperatures and high pressures based on the quasi-harmonic Debye model.These detailed knowledge of 
thermodynamic behavior at extreme P–T conditions are of fundamental importance to our understanding 
of the structural properties of GaN. 
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